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FOREWORD
This work was performed by the Structural Integrity Branch, Structural
Mechanics Division, Air Force Flight Dynamics Laboratory, Wright-Patterson
Alr Force Base, Ohio. This effort was gonducted under Work Unit 24010108,
"Determination of the Total Radiated Acoustic Power from a Schweizer 2-32
Sailplane and Identification of the Noise Sources."

The work was performed by Mr. L.L. Shaw of the Structural Integrity

Branch. This report presents and summarizes all of the work performed
under this work unit. %
The manuscript was released by the author in May 1978 as a technical :

report.
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SECTION I

INTRODUCTION AND BACKGROUND

The radiated no'se associated with a flight vehicle is generated by two
distinct types of sources: (1) the propulsion system, and (2) the non-pro-
pulsion system noise associated with movement of the vehicle through the

atmosphere. The non-propulsion system noise is sometimes called airframe-

aerodynamic noise or self-noise. In cases where the propulsion system

noise is drastically reduced or totally eliminated, the airframe noise can
become significant. For example, it is desired that light military recon-
naissance-surveillance type aircraft operate as quietly as possible to avoid
aural detection. The propulsiu: system noise from this type of aircraft
can be reduced to the point wherc the airframe noise becomes the primary
source. Thus, airframe noise can be considered as a noise floor or barrier
that might prevent reaching the desired low noise levels.

Commercial transport aircraft also may have a problem with airframe
noise. Noise reduction technology available today has the potential of
reducing the propulsion system noise on commercial aircraft, during
approach, to a level near or below the airframe noise. Any further reduction
of the approach noise levels may require reducing the airframe noise levels.
These further reductions may be required to meet the stringent FAR-36 noise
requirements.

Only a limited amount ot aerodynamic noise research has addressed the
problem of airframe noise. The first large scale study of the airframe

noise produced by actual aircraft was performed in 1970 by D.L. Smith et al

(Reference 1). A series of noise measurements during flyovers of three




gliders were pcriormed. An expression was derived which would predict the
overall r-'se radiated from each of the sailplanes.

Since 197C NASA, NAVY, and private industries have become active in
airframe noise research and have published several reports on the subject.
For example, in 1970 Healy (Reference 2), at the Lockheed-California Company,
undertook a program to measure the noise of several gliding aircraft. In
1972 preliminary airframe noise measurements were made on a Boeing 747 air-
craft and a Convair 990 (Reference 3). More recently, a joint Lockheed
and NASA »rogram (Reference 4) obtained airframe noise measurements on a
C-5 Galaxy transport which verified that airframe noise could be a real
"barrier" to overall noise reduction of large aircraft.

The main objective of this effort was to study airframe aerodynamic
noise through the determination of the total radiated acoustic power from a
Schweizer 2-32 sailplane and to relate aspects of the noise signature to
various sources of the aircraft. The reason for choosing a Schweizer 2-32
sailplane is that flyover data from a previous test for several flights
over an array of microphones were available to the author. A description of
the test is given below:

The data used in this thesis were obtained during a flight program with a

Schweizer 2-32 sailplane. The tests were conducted at Waynesville, Ohio, in

November 1972. A picture of the sailplane is shown in Figure 1. Figure 2 shows

the microphone array that was used to obtain the flyover data. Three micro-
phones were in the flight path and six were in a line perpendicular to the
flight path. Figure 3 gives the microphone spacings. The flight tests were

conducted with the sailplane in level flight over the microphone array.




Table T shows the range of velocities and altitudes encompassed in the
test and the velocity and altitude of the three flights selected for
analysis. For each flyover noise measurement, the sailplane was towed to
an altitude of approximately 1000 feet. After the tow plane had landed
and shut down its engine, and ambient noise levels were determined to be
sufficiently low, the sailplane approached the microphone array. The
pilot attempted to maintain steady flight conditions from 100 feet ahead of
the lead microphone to 100 feet beyond the last microphone.

A block diagram of the data acquisition system is shown in Figure 4.
The signals from the nine microphone/cathode follower systems were amplified
by high input impedance line drive amplifiers. The low impedance outputs
from the amplifiers were transmitted through 1200 foot land lines to
voltage amplifiers located in the AFFDL van. The outputs from the voltage
amplifiers were recorded divectly on a 14 channel Honeywell 7400 FM
magnetic tape recorder. A microphone was used in the van to record on
tape all pertinent data during the test. Wind velocity and direction
measured at weather station were monitored in the van and recorded on
magnetic tape. The motion picture camera generated an electronic signal
each time the shutter was full open. This signal was transmitted to the
van and recorded on magnetic tape for correlating the microphone data with
sailplane location. Table Il presents a list of the data acquisition
instrumentation and calibration equipment used for the test. Further
details about the test arrangement, data acquisition system, and test
procedures are presented in Reference 1.

To meet the main objective of the effort, a methodology to determine

the total radiated acoustic power was developed because one was not available




"in the literature. The methodology considers the doppler effect in.the data
due to the moving source. Whenever the source, or the receiver, or both are
in motion relative to the air, the pitch of the sound and its amplitude as
heard by the receiver are, in general, not the same as when the source and
receiver are at rest. Thus, this shift in frequency and amplitude must be
taken into consideration. The methcdology also takes into account spherical
divergencé and atmospheric absorption. The development of the methodology
is presented in Section II.

Section III presents a discussion of the data reduction procedures used
on the resulting data. The results of the overall acoustic power calculation
are presented in Section IV. Comparisons of the results to other findings
in the literature are also included. A summary of the conclusions and

recommendations is given in Section V.
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SECTION II
DEVELOPMENT OF METHODOLOGY TO DETERMINE TOTAL RADIATED
POWER FROM FLYOVER MEASUREMENTS
The simplest method to evaluate a noise source to determine its efficiency

as a noise generator is through the use of radiated acoustic power. The totai
overall radiated acoustic power is a single number which eliminates directivity
effects; thus, giver the acoustic power level of two different sources, one

can make a judgment as to which one is the most or least efficient noise gener-

ator. Also, if the directivity of the source is known along with the power

. level, the sound pressure level at any direction or distance from the source

can be determined. For these reasons, the radiated acoustic power and direc-
tivity approach was applied to the airframe noise problem.

The overall and one-third octave band radiated acoustic power levels,
along with the associated directionality characteristics for the airframe
noise of a Schweizer 2-32 glider, were determined. Before this could be
done the necessary methodology had to be developed. This development process
is described below:

The basic definition of acoustic power level is

Lw = 10 'Og W/wo (1)

- -12 .
where wo is the standard power reference of 10 ! watts. The acoustic power

is given by

W= 1A (2)




where I is the acoustic intensity associated with an area A. To get the total
power of a source, it is enclosed within an imaginary sphere with a total

area of A. Since all of the radiated acoustic energy passes through the sphere,
the total acoustic power is determined. If the source, in this case the glider,
is directional the intensity will vary over the surface of the sphere neces-
sitating dividing the sphere into numerous subareas and summing the power from

each subarea to get the total power. The power is now written as

W, = |, A, (3

N
WrotaL = 2% (4)
=)

It is logical to assume that the smaller the subareas the more accurate the
results will be. Of course, a point can be reached where decreasing the

area further will result in only a negligible change in the results. For this
effort, the number or size of subareas was set by the record sampling rate of
the digital analyzer. The smallest sampling rate available was one-tenth of
a second which was the one used.

Calculation of each subarea was performed by dividing the imaginary sphere
into lunes in the direction of flight. This is illustrated in Figure 5 which
also shows the spacing of the microphones in the array. The microphone
spacing dictates the width of lunes. The width, in radians, of each lune can
bpe determined as follows: Letting Oi be the angle for the ith lune and h the

altitude of the aircraft, the following expressions can be written:




tan(91/2)=3.81/h (5.a)
tan(02+a1/2)=15.24/h (5.b)
tan(03+92+01/2)=38.10/h (5.¢)
tan(94+03# 9,+0,/2)=83.82/h (5.4)

By rearranging the cxpressions and noting symmetry, one can determine the
final expressions that were used to calculate the lune widths for the glider

flights. These are as follous:

0,=2tan"1(3.81/h) (6.2)
0,70, tan™1(15.24/h)-tan~1(3.81/h) (6.b)
8,505= tan”'(38.10/h)-tan"}(15.24/h) (6.¢)

84=05= tan™1(83.82/h)-tan"1(38.10/n) (6.d)

Application of these equations to other microphone arrays could easily be
accomplished by entering the appropriate spacings. Tn order to fully define
the subareas, each lune must be divided into smaller areas as shown in
Figure 6. A typical lune is shown with a subarea indicated. The expres-
sion which was used to calculate these subarcas is

A1J~R201(51n0.-sin0 ) N

J Ny )

where R is the radius of the sphere, 0 is the lune width in radians, and
9 is the angle between a line from the aircraft to the microphones and a
line perpendicular to the flight path. The sine functions must be expressed

in terms of the flight parameters before they are useful. This is easily




accomplished with the aid of Figure 7. The imaginary sphere around the
sailplane is shown for two instants in time. The horizontal distance is
expressed in terms of flight velocity "v" and time. The vertical distance

is simply the height above ground. Thus, the sine functions can be expressed

2
sin Oj = vtj/'\/(vtj)2 +h .9

as follows:

J

i = . 2 ¢
UL vt./v(\,tj_]) . n2 (8.b)

The final expression for the subareas can now be expressed as
2 2 / 2 )
L. = . X )5+ - vt, vt + h
A1J R e.(th/\)(th)2 h th_]fv( tJ_]) ) (9)
where 0, is defined in equation 6. With the area term in equation 3 fully
defined in terms of flight parameters, the next step is to define the
intensity term.

The intensity term in equation 3 can be written as

2
1= p"/pc (10)
where P is the root mean square sound pressure and pc is the characteristic
impedance of the medium in which the sound is being propagated. From the

Jbasic definition of sound pressure level,

. 2,2
L, = 10 log(p?/p ref] (an

p2 can be written as

2_2 -1
PeePiag 1097 (L/10) (12)




The intensity now becomes

2 -
I = (Pee/pc) Tog™ (1,/10)

(13)
and thus the power for each incremental area is now
- vt. vt.
w’J = (pIZ‘Ef/PC) 109 ](Lpij/’]O)RZOi Ri - -1
(ve ;) + n° .ﬁtj_])2 + W (14)

The only term that remains to be fully defined is LPij' This is the sound
pressure level at the centers of the incremental areas on the surface of the
imaginary sphere.

The levels measured near the ground during flyover must be corrected to
account for several factors that alter the actual levels that exist on a
sphere about a moving source. Among these, the most significant ones are
spherical spreading (divergence losses), Doppler shift, and atmospheric
absorption.

The magnitude of the correction which must be applied to the measured
levels to correct for spherical spreading can be very large, especially for
high flyover altitudes or large sideline measurement distances. This cor-
rection results from the spherical radiation of the airframe generated sound
power. When a source radiates its acoustic energy spherically the total

radiated acoustic power must be constant for any given radial distance from

the source. That is

r=| wr=2 ur=2 e Q%)

or

1A, = |

Tal) f.A

riar SalE GE SRR (16)




Since, A; = 4 ar?, , Equation 16 becomes

2
l"owr' = Izli rrzz = IBQ 1rr32 (17}

The intensity ratio is obviously

2.2
Li/1y = rp/ny (18)

which is an inverse square relationship. As shown previously, the intensity

can be written in terms of the sound pressure as

2
'i = Pi /pc (19)

In terms of intensity ratio this becomes

= p¢pd . 2,2
I]/Iz P]/PZ rz/r] (20)
which can be written as
2,2 _ 152,02 2,,2
/1y = (P Prag)/(P/PL ) (21)
Taking ten times the logarithm of both sides yields
T 1 2,2y _ 2,52 2,.,2
10 Tog(ry/ry) = 10 TogL(Py/P )/ (P5/P, 0)] (22.a)
10 Tog(r3/r?) = 10 Tog(PZ/p2 ) - 10 1og(P§/pfef) (22.1)
(22.¢c)

2, 2
i - L
1015g8r2 /T 3ty = bp2

10
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Thus, the sound pressure level on the surface of the sphere, corrected

only for spherical spreading, is given by

LP surface LD measured * 20 109 (’1/'2) (23)
where Ty is the line of sight distance between the microphone in question
and the center of the sphere and r, is the radius of the sphere. In terms

of flight parameters ry can be expressed as

0" JX? + hz + (vt)z 28
where Xi is the horizontal distance between the flight path and the ith
microphone, h is the altitude, V is the velocity, and t is the time before
or after the overhead pecsition. For the purpose of this report, the radius

of the sphere was chosen to be 15.24 meters. Thus, the correction for

spherical spreading is

20 Tog(/k,2 + n° + (vt)%/15.24) (25)

This correction can be very large even for low altitude approaches and slow

speeds. For example, with the following values:

Xi = 53.34m v

h = 52.42m t

41.76m/sec

"

5 sec (26)
the correction is 23 dB. The values are typical of a glider flyover.

Another source of variation in the measured levels that can be corrected
for is Doppler effect. The Doppler effect exists whenever there is

relative motion between a source and a rcceiver. In the case of an aircrafti

11




flyover and a stationary ground receiver there will always be a Doppler
effect. Both the frequency distribution of the radiated acoustic energy and
the amplitude will be altered. The frequency correction will be discussed
first and then a correction for the amplitude will be developed.

Figure 8 shows a moving source with radiated scund waves. It is readily
evident that the wave length of the sound ahead of the source is less than
that of a stationary source and the wave iength behind the moving source
is greater. The wave length expressed in terms of the speed of sound,

velocity of the source, and the frequency becomes:

*a = aheaq = (c-v)/f (27)

b = Mbehing = (cHv)/f (28)

The frequency of the sound measured is

fm : 1:measured = c/A (29)
Thus, ahead of the source this becomes
f =
ma C/Xa (30.a)
= ¢/(c-v)/f (30.b)
= f/(1-v/C) (30.¢)
fma = f/(1-M) (30.4d)
and for behind the source
fmb = f/(1+4M4) (31)

12




In these expressions f is the actual radiated frequency of the source and

fm is the measured frequency. An important point to bring out is that the
Mach number M must be the relative Mach number between the source and measure-
ment point in question, not the horizontal Mach number. For an aircraft
flyover with ground measurement positions off the flight path the relative
Mach number will vary significantly from the horizontal Mach number.

Figure 9 shows a partial layout of the microphones relative to the glider
flying overhead. Theta is the angle between the horizon and a line between
the center of the source and Microphone 1. Phi is the sideline angle locating

the microphones to the side of the flight path. The relative Mach number at

any location is determined by

Mrelative = McosH cos¢ (32)

In terms of the flight parameters

Y Sy
cos 9§ = VtJ/ + (VtJ) (33)
cos 6 = M2+ (vt)2 7 A2+ he 4 (vt,)?
J ! J (34)
and thus
i R 3
Mretative = WVE/ A2+ 2+ (ve) (35)

Finally, the measured frequencies ahead of and behind the source can be cor-

rected for the Doppler shift using this expression for M 1 in equations 30 and 31.
re

13




The Doppler effect on the amplitude must also be considered. Normally
this effect is small and is neglected. However, for the purpose of this study
it will be investigated. Classically the instantaneous acoustic pressure

ahead of a moving spherical source is given by (Reference 6)

4 (D) . alcos-M_ 1)V

B 2 2 36
anRO )7 AnRE (1M1 1) (36)

where q is the total rate of mass flux and q' is the time rate of change of

the mass flux. For a fairly large distance (R) between the source and receiver,

which is usually the case for aircraft flyover measurements, the first term

will dominate the two terms tc.cause R is raised to the -2rd power in the

second term and only -1st power in the first term. Neglecting the second

term, the instantaneous pressure can now be written
g (t-2)

= - < (37

P

2
47RO M g))

The sound pressure level is defined as

2
L. =10 1og (P/P_ ) (38)

Inserting P from equation 37 gives

2

L, =10 log[ q' (t-R/C) %] (39)
) .
Pref e R ha Mrel)

14
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Since only the change in the sound pressure level due to the relative motion

of the source is of interest here, equation 30 can be reduced to

!
|
aL, = 10 |og[l/(1_+_nre,)]" (40.a) ;

aL, = 40 tog (1x M ) (40.b)

where the minus is for the case where the receiver is ahead of the source and
the plus is for the receiver behind the source. For a typical glider flyover
the values for AL, ranged from zero at the overhead position to approximately
2 dB at a position five seconds before and after the overhead position.

The third source of Jeviation of the radiated acoustic energy is atmos-
pheric absorption. As a sound wave travels through still homogeneous air it
loses energy by two processes - classical and molecular absorption. Energy
extracted from the wave through the effects of heat conduction and radiation,
viscosity, and diffusion are referred to as the classical absorption losses.
These losses are proportional to the frequency squared but are independent of
the air. The molecular absorption losses are related to the molecular relax-
ation behavior of the oxygen molecules in the air. In simple terms, molecular
absorption losses result from the difference in the relaxation time required
for the translational and rotational energy of the molecules to reach
equilibrium conditions. The corresponding two components of the specific ?
héat will be out of phase in a periodic change of state. This results in a

complex compressibility which causes losses. The molecular absorption losses

15




are a function of frequency, humidity, and temperature. Since the classical
absorption levels are normally very much less than the molecular levels, they
will not be considered in this study.

Reference 7 presents absorption values for sound in air as a function of
humidity and temperature. These values were applied to the glider flights.
Before the values could be determined the temperature and humidity of the
air during the glider flyover had to be determined. The temperatures were
recorded during the flights but the humidity, unfortunately, was not recorded.
It was later obtained from meteorlogical data recorded at a nearby location and
ranged from 63% to 70% during the course of the flights. An average value of
65% was used. The temperature ranged from 46°F to 56°F and an average temper-
ature of 51°F was used. With these data the absorption values for several
one-third octave and octave band center frequencies from 125 Hz to 5,000 Hz
were determined from Reference 7 and are shown in Table III. It is evident
that the atmosphere absorption at the lower frequencies is fairly low but at
the higher frequencies becomes quite significant. In order to utilize these
data in a program to calculate the acoustic power, a functional relationship
between the frequency and absorption values must be derived. The relationship

which was used is

= agY
o« = A d8/100m (a1

where A and y were determined from the values in Table II giving the final

form of the equation as

a=b.65x 1070 ¢ I-34 dB/100m (42)

16




Utilizing the above equations, the measured levels can be corrected for
spherical spreading, Doppler shift, and atmospheric absorption. Other factors
which vary with time and location are wind and temperature gradients, turbulent
scattering, terrain attenuation, focusing, fog, and rain. Since these do

vary with time and location they will not be addressed in this report. After
the above three corrections are made, the sound pressure levels on the surface
of the imaginary sphere ;bout the glider are obtained and thus, all terms

in Equation 14 have been defined. The acoustic power radiated through each
incremental area can now be calculated. In order to apply Equation 14 to the
glider flyovers, the indices of iteration must be defined. The ith index is
controlled by the number of microphones in the array which, in this case, is

7. Therefore, i would range from 1 to 7. The jth index is controlled by the
number of data samples taken during the flyover which is a function of the
amount of usable data. Five seconds of data before and after the overhead
position was utilized. For a sampling rate of 1/10 second this resulted in

j varying from -50 to +50. With these values in Equation l4 the power radiated
from that portion of the sphere results. If one assumes a dipole radiation
pattern from the glider, the result from Equation 14 can be doubled to give the
power over the upper and lower portions of the sphere. This still leaves a
portion on each side of the sphere that is not accounted for yet. The percent
of area on the sphere not accounted for is a functinn of aircraft velocity,
altitude, and the microphone array. For a typical glider flyover this
unaccounted for area was approximately 38% of the total area. If one assumes
that the sound pressure level over this area can be approximated by the average

level over the measured area, then an approximation for the total radiated
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acoustic power is given by

j=50
=7 2 1 vt vt
W = 2.76 Z(Pref/PC) log (Lpij”o)Rzei J - j-1 (43.a)

i=1

j=-50 (veg)™ + 0% Aty )%+

and the power level is

L F] "72
w = 10159 (Hp/1077%) (43.b)

The overall sound power level, Lw, gives one number with which comparisons
can quite readily be made to noise criteria or other levels to determine which
source is the most or least efficient noise generator. The effects of directivity
are eliminated in this approach, thus, simplifying the comparison. The

effects of spherical divergence, Doppler shift, and atmospheric absorption

have been taken into consideration.
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SECTION III

DATA REDUCTION AND ANALYSIS

a. Data Reduction Procedures

The ‘data obtained during the flyovers were recorded on magnetic tapes.
Data reduction of the measurements on the tapes was accomplished using the
system shown in Figure 10. The magnetic tapes were played back in the
laboratory on a Honeywell 7400 tape recorder/reproduce system. Overall time
histories and one-third octave band analysis were performed using a General
Radio 1926 multi-channel mms detector interfaced with a 2116 Hewlett-Packard
digital computer. For each reco.d the one-third octave band analysis
was performed every 1/10 second using 1/10 second averaging time. All of
the analyses were performed on a total of 10 seconds of data, 5 seconds before
overhead position and 5 seconds after. Time bhefore the overhead position
was assigned negative values and time after overhead was assigned positive
values. In some cases, especially at the lower frequencies, the data for
time outside the interval of -2 and +2 seconds could not be used because the
measured levels were below the ambient noise levels,
b. Time Histories

Time histories of the flyover noise levels were plotted for all three
flyovers selected for analysis for each one-third octave band from 200 Hz
to 5000 Hz and the overall level, and for mnicronhones 1 and 4. This resulted
in 96 time history plots.

Figures 11 and 12 present typical time histories for an altitude of
118 feet and velocity of 135 feet per second. Figure 11 shows the results

from microphone 1 located directly under the flight path. The top curve is
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the overall level and the other three are the 2,000, 2,500, and 4,000 Hz
one-third octave bands. These data show typical trends observed in all the
results. The 4,000 Hz curve is the lowest,which indicates the acoustic
energy is at the lower frequencies. When the glider is approaching the array,
the 2,500 Hz band is well above the 2,000 Hz band but after the glider has
passed over the array the 2,000 Hz band is the higher. This could result if
the directivity is different at each frequency. This will be discussed in
detail in a later section. The figure reveals that the m;;imum level at
certain frequencies does not occur at the overhead position because of
the directivity. A significant fact to observe from the figure
is the magnitude of the increase during the flyover. In general, the increase
was 20 dB but it was as high as 30 dB, as can be seen in the Figure for the
2,500 Hz band. Figure 12 shows data from microphone 4 located 175 feet to the
right of the flight path. One wculd readily assume the levels at this
location would be much lower than directly under the flight path. The
figure definitely shows this. The decrease is not the same for the entire
flyover; the largest decrease occurs near zero time. Again, the 2,500 Hz
band is higher than the 2,000 Hz ahead of the glider and these reverse behind
the glider. It can be assumed that the directivity effects at these
frequencies are essentially the same at a side angle as they are directly
below the glider.
c. One-Third Octave Band Spectra

One-third octave band spectra were plotted for the overhead position. A
mean spectrum obtained from three flyovers is presented in Figure 13 for a
frequency range of 160 Hz to 3150 Hz., The peaks in the spectrum at 200 Hz,

1,250 Hz, and 2,500 Hz indicate that there are distinct sources generating
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that energy. In Reference 8, vortex generated noise is shown to give strong
peaks in the radiated far-field environment of isolated szirfoils. An expres-

sion offered in the reference to predict the frequency of this source is

3/2
- 011V 44
f (c)'/? o

where V is the free stream velocity, C is the wing chord, and » is the kine-

matic viscosity. Using the following values for the Schweizer 2-32

V = 41,15 M/sec
¢ = 0.91 {mean chord)
v = 1.46X10"° mzlsec

Equation 44 predicts a frequency of 795 Hz,which does not agree very well with
the observed frequencies. However, if a chord dimension less than the mean
chord is used in the equation the result would be much closer to the measured
value. For example, using a chord of 14 inches, equation 44 predicts the

1,250 Hz peak very closely. This dimension is close to the tip chord on the
glider. 1In Reference 9 another equation is presented for determining the

tone frequencies. It was derived on the hasis of stability theory which

shows that the acoustic field and the wake flow could interact in a self-

excited feedback mechanism which produces the tones. The equation is

f = |l.8nV0'8 (45)

where n is an integer. For the velocity above, equation 45 gives f = 597n,
orn =2, f= 1194 Hz. This frequency agrees very well with the peak in the

one-third octave band centered at 1250 Hz. The tone near 2500 Hz is predicted
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by equation 45 for n = 4 which gives f = 2389 Hz. The agreement is again
fairly good.

Neither of tﬁe above equations predictsthe peak at the lower frequency.
The n = 1 value from equation 45, 597 Hz, is much too high to be associated
with the low frequency; thus, it is conciuded that this source is not related
to the airfoil trailing edge source. This is what the authors of Reference 10
concluded about the low frequency source. In Reference 11 a low frequency
source related to the wing profile drag was identified. For the NC-3 this
frequency was 120 Hz. It is assumed the energy at the low frequency for the
glider flyover is also related to the wing profile drag. An expression

presented in Reference 11 to predict this frequency is

f = Stire/@° (46)

where STR is a Strouhal number, is the velocity at the trailing edge of

VTE

the airfoil, C, is the drag coefficient of the airfoil, and ¢ is the mean

D
chord. A Strouhal number of 0.1 was recommended (Reference 11) along with

a VTE/V ratio of 0.974. Using a drag coefficient of .005 and a mean chord

of 3 feet for the Schweizer 2-32, the recommended values results in a frequency
of 876 Hz for a flight velocity of 135 fps. This is much too high since the
frequency was near 200 Hz. However, since the drag coefficient is a function
of angle of attack, the true drag coefficient is difficult to ascertain. If

we assume a drag coefficient of 0.01, which is still realistic, the predicted
frequency becomes 438 Hz,which is much closer to the observed frequency. Due

to the difficulty in determining the appropriate drag coefficient, this method

is considered to be too refined for first-estimate type solutions.
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In order to estimate a spectrum shape, the location of the maximum broadband
level is needed. The nost widely used expression to predict the peak in the
broadband spectrum is

f=1.3v/t (47

where t is the wing thickness and V is the velocity. This expression does not
predict the frequency of the narrow band energy at the low frequency, but it
predicts the frequency at which the broadband spectrum is maximum. It has
been shown (Reference 10) that this expression gives acceptable accuracy. The
shape of thc spectrum is best described by Healy's (Reference 10) curve fit
shown in Figure i14. This spectrum does not indicate any narrowband peaks at
either the high or low frequencies. Cargo/transport type aircraft do not
exhibit strong narrowband peaks like the gliders do; however, they do display
broadband energy at these frequencies. This can be seen in Figure 15 from
flyover data (Reference 3) for a B-747 and CV-990. Both high and low frequency
humps are present in each of the flyovers but they are broadband. These peaks
vary significantly with velocity or aircraft size, thus the smooth spectrum
in Figure 14 can be modified to approximate these two noise sources. This
was done by superimposing a 5 dB ''hump" at the two normalized frequencies;
the results being shown in Figure 16. This spectrum shape is recommended to
predict the energy distribution for a "clean" aircraft flvover.
d. Directivity

There is still some controversy over the directivity of airframe noise.
The authors of Reference 9 recommend a flyover measurement program involving

an array of microphones to help resolve this controversv. The classic approach
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is to apply Curle's dipole model to determine the directivity of the airfoils.
This has been shown (Reference 9) to be valid for small airfoils; that is, for
high wavelength to airfoil chord ratios (»)). However, for larger airfoils
(ratio«) the measured data do not substantiate Curle's dipole model. Since
most aircraft have airfoil chord dimensions equal to or greater than the
wavelength of interest, current understanding of the directivity of this
source warrants further investigation. Based on this need, the directivity

of the noise radiated from the Schweizer 2-32 was determined. The flyover
measurements consisted of an array of microphones perpendicular fo the flight
path which yielded sufficient data to enable directivity determination.

The first step in determining the directional characteristics of the
airframe noise was to calculate the total radiated acoustic power. This
wés‘accomplished utilizing the results of Section II. The power results
will be discussed in greater detail in the next section. Knowing the

radiated power level a space average Lp is obtained from the expression

Lp = PWL - 20 Tog R - N (48)

where R is the radial distance in meters from the source. The Directivity

Index (DI) for each angle @ is defined as

T (49)

The angle 0 is measured from the direetion of flight; 6 = 0° is the direction of

flight and @ = 90° is the overhead position.
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Directivity plots were generated for each of the three flights analyzed:

23, 24, and 25. One-third octave band as well as overall L_ directivity plots
were obtained. There were some variations in the data from each flight; however,
these differences were small (2-3 db) and are attributed to the fact that

the glider was not directly over microphone one on each flight. In view of this,
emphasis is placed on the results of flight 23 and these are the only data
presented in this section.

Figure 17 through 23 show the directivity indices for several one-third
octave bands and the overall level. Data from all seven microphones are pre-
sented for angles from less than 30° to greater than 150°. This is considered
a very adequate range of investigation since any noise radiated less than 30°
has such a large distance to propagate to reach an observer on the ground
that most of the acoustic energy would be dissipated by the time it reaches
the observer. Figure 17 presents the results for the 200 Hz band. There is
significant variation between the results from each microphone at the low
frequencies. In general, the levels of @ € 90° are less than the space average
level and for 6 > 90° they are somewhat above it. For a little higher frequencies,
500 Hz - Figure 18, the directivity is nearly the same for all angles with an
average variation of 2 to 3 dB. A large change occurs in the directivity of
1000 Hz. Figure 19 illustrates showing that the maximum intensity
of this source of noise is near 120°, especially for microphones 2, 3, and 6.
Directly under the flight path, microphone 1, the maximum noise occurs near
100°. An explanation for this change is not readily apparent. This strong
directivity disappears at somewhat higher frequencies. In Figure 20 the

directivity indices for 1600 Hz reveal that radiation
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patterns at this frequency are much flatter than at 1000 Hz. At 2000 Hz,
Figure 21, the strong directivity appears again, For microphone 2 there is an
18 dB increase in the level going from 30 degrees to 140 degrees. Again going
to a higher frequency, the radiation patterns flatten as seen in Figure 22

for a frequency of_4000 Hz. Since the frequency of the highly directive
sources were a multiple of each other, 1000 Hz and 2000 Hz, it is suspected
that there is only one source with a harmonic or subharmonic showing up.

In order to make comparisons to data in the literature, the overall
frequency level directivity plots were needed, Figure 23 shows the plots
for each microphone. The general trend of increasing levels with increasing
angle is readily noted. All of the microphones (except 7) show essentially
the same pattern. The reason for the variation in the results from micro-
phone 7 is not readily apparent. The results from microphone 7 for the other
two flights agree well with the other results.

The directivity pattern for a measurement location directly under the flight
path  has been studied by several investigators (References 9, 12, 13). In
most references the radiated flycver noise directly under the flight path
was assumed to have the directivity of a dipole oriented normal to the flight
path. However, in Reference 12 Munson showed that flyover data from a clean
configured DC-10 do not agree with a simple 1ift dipole model. A new model
for the directivity was developed which consisted of 2 dipoles, a lift dipole
oriented parallel to the 1ift vector and a drag dipole oriented paralled to
the drag vector. A sketch of both models is shown in Figure 24. The equation

describing his model is

6
v . 2 2 .
OAL_ = 10 To (K, sin“g + K cos“® + K, sing cose)] 50

P ot 16 2020 - )R gl D LD (50)
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The DC-10 data were used to evaluate the coefficients giving

K = 8.48x108  sect/fe?
KD = 5.97X108 seca/ft2 (51)
Ko~ 3-46x10%  sect/ftl

for the clean configuration. His data agreed well with the 2-dipole model.
The glider data was compared to both models. The equation used in the

comparison for the simple 1ift dipole model is

- 2
OALp"lolog (sin®@) (52)

and for the 2-dipole model is

2 2

OALp== 10 1og[7.88 sin“e + 5.55 cos“6 - 3.22 sind cos6] (53)

The convective amplification and spherical divergence terms in equation 50,
(I—M)'4 and R‘Z, respectively, were not used in equations 52 and 53 because
corrections were applied to the glider data acrounting for these variations.
The measured directivity derived from microphone 1, directly under the flight
path, is shown in Figure 24. The 2-dipole model was matched to the data

at 100° and the single lift dipole model was matched at 90° to give the best
fit. The comparison definitely substantiates Munson's 2-dipole model. Thus,
it appears that the best model for the directivity of the total non-engine

acoustic radiation from clean configured aircraft is the combination of a

lift and drag dipnle.
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SECTION IV

TOTAL RADIATED ACOUSTIC POWER

One of the objectives of this effort was to determine the total radiated
acoustic power from the Schwiezer 2-32 glider. The necessary methodology
was developed in Section II with the results presented in equation 43. This
equation was applied to the three glider flyovers selected for analysis. The
power level for each one-third octave band as well as the overall power level
was obtained. The results for each flight were averaged into one spectrum
since they showed little variation. The average spectrum is shown in Figure
25. Most cf the acoustic energy is concentrated in the one-third octave
band centered at 1250 Hz. However, the lower frequencies, less than 200 Hz,
tend to have high levels also. The average overall level of the three flights
is 106 dB.

If one considers the directivity results of paragraph d of Section III,
the question arises as to how much accuracy was gained in using the detailed
methodology of Section II. Since the directivity revealed that the levels are
fairly uniform in most directions, the overall radiated power can be calculated

from one flyover measurement using the equation

Ly =T+ 20 Tog R + 11 (54)

The necessary assumption is that the one measured level is approximately equal
to the space average sound pressure level ip' This was assumed for the glider
flyovers and the acoustic power was determined. Since the measured levels
from the three flights were within 3 dB, averaged levels were vsed. The

first level was obtained from the average of the maximum levels recorded
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from the three flights analyzed. This yielded an overall power level of

107 dB. The other level was the average of the three values from microphone
one when the glider was directly overhead. The overall acoustic power from
this level is 105 dB. The first value is one dB greater than the result from
equation 43 and the sccond one is one dB less than the result from equation
43. Thus, the true space average sound pressure level is between the two
levels. It has to be concluded that the significant amount of effort required
to utilize equation 43 to calculate the total acoustic power is not warranted
since one single measurement and equation 54 give the overall power within

1 dB of the average level. However, this statement only applies to a clean
configured aircraft. 1If one tries to determine the total acoustic power
utilizing the simplified approach for a dirty configuration, i.e., landing
gear down, open cavities, flaps, etc., it will not give the true power because
the directivity pattern would be considerably different from the clean config-
uration. Thus, the methodology developed in Section IJ is still useful since
most aircraft during runway approach are in a dirty configuration.

A comparison of the glider power level to other clean aircraft flyover
levels is desired. Figure 26 displays sound power levels from 18 different
sources. The range of size, or weight, is very large. For example, the 747
weighs 710,000 pounds and the small remotcly plloted vehicies weigh
only 9 pounds. The owl weighed only 1.5 pounds. The data are plotted as
overall power level versus flight velocity in meters per second. An arbitrary
V6 line is shown in the figure. The data, in general, follows this line which
substantiates the dipole radiation pattern discussed in Section III.

Several normalization expressions have been proposed in the literature.

The most promising ones were evaluat:d and are presented here. Numerous other
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expressions were investigated but only a few of these are presented. In
Reference 10 an extensive regression analysis was performed to determine the
parameters, and their exponents, which best normalize their data. The result
was S/AR4 where S is the wing area and AR is the aspect ratio. All of the
available data were normalized with this expression with the result shown in
Figure 27. For the data which were used in Reference 10 the expression appears
good but for the other data the expression is not very good. In fact, the
F-106 level is approximately 36 dB too low. In Reference 3 the weight of the
aircraft was used to normalize the data. All of the available data were
plotted using weight as the basis of comparison. Figure 28 shows the comparison.
Just normalizing the acoustic power levels with weight does a surprisingly
good job of collapsing the data. Even the F-106 result is within 2 dB of the
other data. The lightest noise sourée, the owl, is seen to be somewhat above
the trend. Thus, other normalizing parameters were investigated to determine
if one could be found to collapse all of the data.
One of the parameters investigated was the wing span b. it is revealed

in Figure 29 that b does a fair job of normalizing the data. Another parameter
that gave reasonable collapse is S/AR. Figure 30 indicates that S/AR does

well for all the sources except the F-106. It is about 13 dB below the trend.
The best normalizing parameter which resulted from this extensive investigation
was S, the wing area. This is displayed in Figure 31. Even the F-106 level

is only 7 dB below the trend. The owl level is somewhat above the trend but
.this is not surprising since it was not expected that the owl's acoustic power
level would follow exactly the same trend as aircraft.

The large amount of scatter in the data in the 30 to 60 m/sec range is a

result of the gliders. Each of the four gliders tested display narrowband
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energy at some particular frequency. The amplitude of narrowband energy varies
significantly more than broadband energy, which results in significant data
scatter. Essentially, none of the other sources exhibited strong narrowband
energy. To eliminate the scatter from the glider results, the available data
for each glider was averaged and only the averaged level was utilized in the
final comparison. Figure 32 shows the averaged glider results. A regression
analysis was performed on the data to determine the best fit line. Two !
data points were not included iﬁ the analysis: those from the owl and the F-106.
They were not included because a best fit of the other data was considered more
important than a best fit of all the data. This line results in a root-mean-
square error of only 2.4 dB and a maximum error of 6 dB. Even the F-106 level
is only 8 dB below the best fit line. In view of the very wide range of air-
craft included (9 pounds to 710,000 pounds) the degree of normalization is
considered very good.

The equation which describes thc best fit line is given hy the following

expressions:

L, - 10 log 5 = 45.54 log V + 26.04 (55)
By grouping the terms equation 35 becomes

i, 4,
L, = 10 log (402 sy * 55 (56)

where S is the total wing area in square meters and V is the aircraft velocity
in meters per secend. This equation is recomnended for predicting the overall

radiated acoustic power during flyover of clean configured aircraft.
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As mentioned above, the owl results were not utilized in the regression
analysis. Its velocity was nearly an order of magnitude less than all of the
other noise sources end its acoustic power level is approximately 12 dB above
the regression analysis curve. A possible explanation for this deviation is
that for very low velocity flights the radiated acoustic power may not follow
the same slope as for higher velocities. That is, there should be a break
point at some velocity where the slope of the best fit curve increases.
Justification for this break pnint can be found in Reference 14. Guenther
found that the sound generated by low speed, small diameter rotating blades
very clearly displays a break point in the data. However, since most aircraft
will operate well above this velocity, no attempt was made to determine if
airframe noise also has some critical velocity at which the data follows a

different slope.
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SECTION V

CONCLUSIONS, RECOMMENDATIONS, AND PREDICTION EXAMPLE

Methodology which enables the calculation of the total radiated acoustic
power for an aircraft flyover was developed and applied to a Schweizer 2-32
glider. Application of the methodology requires flyover acoustic measurements

from an array of microphones perpendicular to the line of flight. The effects

of spherical divergence, doppler shift, and atmospheric absorption are accounted

for. The results of the Schweizer 2-32 glider were compared to other available
flyover data and an expression was derived to predict the acoustic power from
any aircraft. Also, the spectrum shape recommended in the literature was
modified to account for the narrowband energy observed in most flyover data.
The directivity of the radiated noise was also investigated.

Based on the results of this study, the following conclusions and recom-
mendations were reached:

1. The detailed approach used to calculate the acoustic power did not
significantly (1 dB) increase the accuracy of the result over the level
obtained from using the measured SPL directly under the glider and assuming
a monopole source to calculate the acoustic power.

2. The directivity, in the direction of flight, agrees well with a two-
dipole model where one dipole is parallel to the lift vector and the other

one parallel to the drag vector.

3. The overall acoustic power level from different vehicles obeys a V6

relationship.

4. The parameter which best ncrmalizes the overall acoustic power

level is the wing area.
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5. It is recommended that future flight tests be conducted at a high
enough velocity to ensure that the signal-to-noise ratio is large enough to
avoid background noise problems.

To illustrate the use of the results of this effort, a sample prediction
is included. The airframe noise of a clean configured 747 will be predicted.
Knowing the wing area, 511 mz, and assuming an approach velocity of 130 m/s,
the first step is to determine the overall radiated acoustic power. Either
Figure 32 or equation 56 is utilized to do this. From Equation 56 an overall
acoustic power of 149 dB is obtained. Next, for a flyover altitude of 150 m,
equation 48 is used to obtain the SPL directly beneath the aircraft. This
comes out to be 94 dB. The last step is to determine the spectral content of
the flyover noise. Assuming a mean wing thickness of .46m and with Figure 16
the flyover noise spectrum was determined. The final result is shown in
Figure 33. This is the one-third octave band spectrum that would be measured
when a clean configured B-747 is directly overhead at 150m and flying at

130 m/s.
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FLIGHT VELOCITY ALTITUDE
NUMBER fps ft
29 135 118
30 137 172
31 134 148
ALL
FLIGHTS 82-137 75-211
R TABLE 1

LIST OF FLIGHT PARAMETERS




TABLE 11

LIST OF DATA ACQUISTTION INSTRUMENTATION

Nr ITEM MANUFACTURER MODEL Nr
10 Microphone Cartridge B&K 4132
1o Cathode Follower B&K 2612
10 Wind Screen B&K UA - 0082
10 Amplificr (1) Intech A - 2319
10 Amplifier (2} [thaco 442
1 Tape Recorder ‘Honeywel 1 7400
1 Time Code Generator bata Metrics SP - 105
1 Piston Phone B&K 4220
1 Weather Instrument Multitech Mark II
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of - absorption| Equation 42

Frequency dB/100m Values
125 0.03 0.05
250 0.07 0.076
500 0.17 0.19
1000 0.40 0.19
2000 1.10 1.20
2500 1.41 1.66
3200 2.10 2,50
4000 3.00 3.12
5000 4.20 4,20
65% RH 51° F

Table TII HMolecular Absorption Coefficients

Reproduced From
Best Available Copy
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Figurc 7 Sketch Showing Source at Different Times
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Figure 8 Moving Source Illustrating Doppler Effect
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Figure 9 Determination of Relative Mach Number
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Figure 11

Time Histories for the Overall]l and Three One-Third
Octave Band Sound Pressure Levels from Micrcphone 1

for an Altitude of 118 Feet and Velocity of 135 Feet
per Second.
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Figure 12 Time Histories for the Overall and Three One-Third

Octave Band Sound Pressure Levels from Microphone 4
for an Altitude of 118 Feet and Velocity of 135 Feet
per Second.
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FIGURE 13 Mean One-Third Octave Band Spectra During Schweizer 2-32 Flyovers
For the overhead Position
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Figure 14 One-Third Octave Band Spectrum for Clean Aircraft Flyover




2
Third-Octave Band Level -dB re 20x N/m

ob
/"“ -
s
s
-10 L ’
1 //

-20 4
-30 4

100 1000 10000

FREQUENCY IN CYCLES PER SECOND

B-747 Low Speed
B-747 High Speed
CvV 990

Figure 15 One-Third Octave Band Flyover Spectra for a
B-747 and a CV 990 Aircraft
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Figure 16 Modified One-Third Octave Band Spectrum
Shape for Clean Aircraft Flyover
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Figure 17 Directivity Indices for the 200 Hz Band
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Figure 18 Directivity Indices for the 500 Hz Band
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Directivity Indices for the 2000 Hz Band
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Figure 22 Directivity Indices for the 4000 Hz Band
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FIGURE 25 Average Total Radiated Acoustic Power
from the Schweizer 2-32 Glider
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Figure 26 Clean Configured Aircraft Flyover Acoustic Power Levels

Versus Velocity
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Figure 29 Acoustic Power Levels Normalized with wingsnan
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